The effects on N use and N volatilization from slurry were investigated in 24 early-lactation Brown Swiss cows (32 kg/d milk) fed four diets with 128, 124, 147 and 175 g/kg DM of crude protein (CP). All diets were supplemented with 0.75 g/kg of rumen-protected Met except for one of the low-protein rations (128 g/kg of CP). The unsupplemented low-protein ration was calculated to be deficient in Met by approximately 20%. No significant treatment effects on performance, water intake and excretion, and slurry quantities were observed. Differences in N intake were closely reflected in the daily excretions of total and urea N via urine, and in urine N as a proportion of total excretory N. These values were higher for the unsupplemented lowprotein ration than for the Met-supplemented low-protein ration. The treatment effects on fecal N excretion were generally smaller, and milk N excretion and N balance were not affected. Feed N utilization for milk N excretion increased with decreasing CP content from 27% for the high-protein group to about 35% for the two low-protein groups. Comparing the Met supplemented rations only, ammonia N emission from fresh slurry (excreta:water = 1:0.5) decreased from 231 to 160 and 55 µg/s per square meter of surface with 175, 147 and 124 g/kg of CP, respectively, and the corresponding total N losses during 7 wk of slurry storage declined from 89 to 57 and 25 g/d per cow. Regression analysis demonstrated the basic suitability of milk urea N excretion to estimate urine N excretion and, consequently, potential N emissions. (Key words: protein reduction, methionine, nitrogen, ammonia volatilization) Abbreviation key: HS = high-protein supplemented, LS = low-protein supplemented, LU = low-protein un-
INTRODUCTION
Ammonia (NH 3 ) has been identified as an undesired atmospheric trace gas for various reasons (James et al., 1999) . A major proportion of the total NH 3 emission budget results from animal husbandry, particularly dairy farms (Bussink and Oenema, 1998) . Efficiency of N utilization is frequently still low because of undesirably high CP contents in feed due to the use of protein of insufficient quality for rumen degradability and content of limiting metabolizable AA or by the omission of appropriate complementary feeding in summer grazing of intensively fertilized pastures. Reducing dietary protein, without reducing performance, increases N utilization and simultaneously may reduce NH 3 volatilization from manure due to a decline in the absolute, as well as relative amount of urea, in total N excretion (Bussink and Oenema, 1998; Kirchgessner et al., 1991) . The selective supplementation of AA in conjunction with a reduction of dietary CP could be a promising way to reduce dietary N further without impairing performance . New approaches O'Connor et al., 1993; Rulquin and Vérité, 1996) offer the opportunity to calculate the supply of AA for ruminants relative to requirements. However, the extent to which AA supplementation of lowprotein rations can actually reduce N losses via excreta, particularly urine, compared with unsupplemented rations or those of a higher CP content remains unexplored. Furthermore, quantitative data on the NH 3 volatilization from the excreta obtained with low-protein rations are still lacking. The few data available so far (e.g., James et al., 1999; Paul et al., 1998; Smits et al., 1997) were either obtained from measurements in exhaust chimneys of cattle houses or in short-term storage studies with slurry.
The objective of the present study was to quantify the impact of variation in feed CP content on N and water turnover in the cows as well as on short-term and long-term N volatilization from stored slurry. For this purpose, dietary CP varied from 125 to 175 g/kg of DM, comprising a wide range of winter and summer rations. Since a high CP content is often associated with excessive rumen-degradable N and because a low CP ration may be limiting in Met and even in Lys and Leu (Kröber et al., 2000 (Kröber et al., , 2001 , urea was used to achieve a high CP concentration and the low CP content feed was offered either with or without the calculated extra supply of the potentially limiting AA. In addition, the suitability of milk urea N (MUN) excretion for the prediction of urinary N excretion was investigated.
MATERIALS AND METHODS

Experimental Design
The present experiment was completely balanced, consisting of six replicates of four treatments obtained with a total of 24 cows within three 6-wk series of two cows per treatment. After 1 wk of continuous data collection before the start of treatment feeding, each cow underwent a treatment period of 5 wk, with particularly intensive data and sample collection in wk 3 as the typical period for digestibility trials. Three different rations supplemented with rumen-protected Met (0.75 g/kg DM of Mepron M85, Degussa AG, Hanau, Germany), low-protein supplemented (LS), medium-protein supplemented (MS), and high-protein supplemented (HS), were designed by varying the concentrate composition (Table 1 ). The diets contained either 124 or 147 and 175 g of CP/kg of DM, respectively. A fourth ration (LU) with low CP content (analyzed: 128 g/kg), remained unsupplemented with Met and was varied in concentrate composition (Table 1 ) in a way that should further selectively limit the supply of metabolically available Lys and Leu without affecting the supply of other essential AA and nutrients. For these calculations, the approach and program of Fickler and Heimbeck (1994) as well as Heimbeck et al. (1996) were used. This approach resembles the Cornell system (O'Connor et al., 1993) . With the lowest CP levels the minimum amounts considered to be necessary for optimum rumen fermentation (Roffler and Satter, 1975) were still reached. Rumen degradability of total dietary CP was calculated (RAP, 1999) to be 62, 61, 59, and 65% for LU, LS, MS, and HS, respectively.
Feed Composition and Feeding Technique
The complete rations consisted of forage and concentrate in a ratio of 1:1. This was accomplished by allocating concentrate DM in an amount that was consumed as forage DM the day before. Thus, a ratio of forage to concentrate of 1.04:1 was actually achieved. For DM, forage was composed of a mixture of Harvestore grass silage (51%, early cut and dominated by rye grass), maize silage (39%), and meadow hay (10%, late cut and diverse in plant species). In the concentrates, the CP reduction from high to medium level was achieved with the exchange of urea for small amounts of other ingredients (Table 1) , thus ensuring only minimum variation in the contents of other nutrients, particularly AA. This procedure should reflect the typical situation of reducing excessive N provided as rumen-degradable CP. The reduction from the medium CP to the low CP level was carried out by replacing AA carriers (e.g., soybean meal and maize gluten meal) with feedstuffs having a high content of fermentable OM (e.g., cassava). This was done in a way that would theoretically (INRA, 1989) exactly balance the lower absorbable feed protein with de novo-synthesized microbial protein. Although basically applicable in feeding practice, this approach requires a far more exact application of feeding recommendations than the simple reduction of highly excessive N to medium N rations. Table 2 gives the analyzed composition of forage ingredients and concentrates. The grass silage was rich in CP, whereas maize silage and meadow hay, which were highly fibrous, contained small concentrations of CP. As intended, the MS and HS concentrates differed, due to the urea content, in CP concentration, but contents of the essential AA were similar. The AA were lower in content in the two low-protein concentrates, which were assumed to provide these AA at least partially from microbial protein. Contrary to the a priori calculations, the two low-protein concentrates only differed in their Met content, but not in Lys and Leu. The concentrates were different in NDF, with low values found in the LS group. However, the difference was considerably less for the complete rations, amounting to 383 g of NDF/kg of DM in the LS group and 411 g/ kg of DM on average for the other rations. Furthermore, this difference did not affect the level of net energy supply relative to requirements.
Forage was provided in troughs fitted with balances in order to measure intake automatically by a computerized feeding system (Westfalia Landtechnik, Oelde, Germany). The allocation of the pelleted concentrate was carried out manually five times a day. The daily amount of rumen-protected Met was provided by two equal portions, each thoroughly mixed with 500 g of crumbled concentrate.
Animals
A total of 24 multiparous Brown Swiss cows (six per treatment) were used. At the start of the experiment, the cows were on average in wk 4.8 (SD 2.1) of lactation, weighed 631 (SD 42) kg, and produced 31.5 (SD 3.3) kg of milk/d with 3.97 (SD 0.51)% fat and 3.37 (SD 0.37)% protein. Allocation to the treatments was balanced considering performance data and live weight recorded in the weeks before the experiment started. All animals were tethered in individual stalls complete with slatted floor fitted for balance measurements. Except in the collection week, they had access to a fenced lot without feed for 1 h every second day. The experiment was conducted in accordance with the Swiss guidelines of animal welfare.
Data and Sample Collection in the Animal Experiment
Live weight was measured weekly and milk yield was recorded daily throughout the experiment. Water consumption, which was unrestricted, was measured with computer-assisted flow meters (Bü rkert, Fluid control systems, Ingelfingen, Switzerland; tolerance: ± 1%).
Feed samples were either taken once weekly or, in the collection week, every second day. They were immediately dried for 48 h at 60°C and subsequently milled through a 0.75-mm screen. Milk samples were taken automatically several times weekly by the milking system (Westfalia Landtechnik, Oelde, Germany). The samples were conserved with bronopol (BSM2, D&F, Control, San Ramon, CA) and stored at 4°C. During the collection week, a second milk sample was obtained daily and immediately frozen at -20°C. These samples were composited at the end of collection.
During the collection week, urine was diverted from feces using urinals fixed with Velcro tapes that were attached with a special adhesive (Cyanolit, 3M AG, Rü schlikon, Switzerland) on the clipped skin around the vulva. At the end of the urinal, a device separated urine into two subsamples, with one remaining unacidified and the other (approximately 10% of total urine) immediately acidified with 60 ml of 5 M sulfuric acid per head per day. Unacidified subsamples were frozen immediately after drawing. The acidified subsamples were collected daily and stored at 4°C. At the end of the collection period, each set of urine samples was composited and stored at -20°C until analysis. Feces were completely collected in sliding trays placed below the slatted floor. A sample of the mixed feces was taken daily, stored at -20°C and pooled to one sample at the end of the collection week. One part of the pooled sample was stored at -20°C and another part was dried for 48 h at 60°C and milled through a 0.75-mm screen. Feces and unacidified urine (largely void of feces particles) used to produce slurry for the storage measurements were collected separately twice daily and stored at −20°C. Sampling for slurry storage measurements was done over 3 d of the collection week, and 80% of the cow's feces and urine were obtained for this purpose. This procedure was tested to ensure that N loss before slurry production was minor.
Excreta Storage Measurements
For the storage measurements, slurry was produced from the thawed excreta of the LS-, MS-, and HStreated cows by mixing feces and urine into one batch per treatment in the proportions actually excreted. The LU treatment was omitted due to limitations of the measurement capacity. To simulate typical farm practice conditions, we added 0.5 kg of deionized water per kilogram of excreta mixture. Six replicates of 7.5 kg of slurry per treatment were placed in open 10-L polyethylene buckets. The buckets were stored in a well-ventilated room during 7 wk at 20°C and 70% ambient humidity. To measure the NH 3 emission rate, buckets were covered by a dynamic chamber (Mosier, 1989) after 1 d of storage. Several modifications increased ammonia recovery to 92%. A turbulent air stream of 91.6 L/min was led through the chamber across the slurry surface. The major portion (91.2 L/min) was evacuated through a flow meter. The remaining air was pumped through a chemiluminescent analyzer (model 42C, Thermo Environmental Instruments Inc., Franklin, MA); its NH 3 concentration was analyzed every 15 s. Ammonia concentration reached a stable level after 30 min of dynamic chamber operation. At that point the NH 3 emission rate per unit of excreta surface was calculated from the NH 3 concentration and the air flow rate. Excreta pH was measured at a depth of 10 cm with a pH meter (model 632 equipped with the electrode 6.0202.000 containing 3 M KCl electrolyte; Metrohm, Herisau, Switzerland) at the start and the end of storage. At these time points, homogenous samples were drawn for immediate analysis.
Analyses
The contents of DM, OM, and NDF in feed were analyzed according to standard procedures (Naumann and Bassler, 1997). The contents of AA in the feedstuffs were determined with an automatic AA analyzer (Biochrom 20, Amersham Pharmacia Biotech, Little Chalfont, UK), combining an oxidative and a hydrolyzation method (Llames and Fontaine, 1994) . For N determinations in feed, feces, and urine, an automatic C/N-Analyzer (Leco-Analyzer Type FP-2000, Leco instruments, St. Joseph, MI) was used. In slurry, N contents were analyzed by the Kjeldahl technique and ammonia N by MgO distillation (Amberger et al., 1982) . Urine DM content was calculated from urine density (DM, g/kg = (density − 1) × 2600; from Hinsberg, 1953) which was refractometrically determined (model HRM 18, A. Krü ss Optronic, Hamburg, Germany). Urinary urea was enzymatically determined (Roche Diagnostics, Basle, Switzerland). Urinary allantoin was analyzed according to Rosskopf et al. (1991) with a HPLC (L-7100, L-7250, L-7300, L-7450, D-7000, Hitachi-Merck, Tokyo, Japan). For the analyses of milk constituents, inclusive of urea, in the bronopol-conserved milk an infrared method was used (Milkoscan 4000, Foss Electric, Hillerød, Denmark). Milk urea nitrogen (MUN) was also analyzed in the pooled milk samples of the collection week by enzymatic analysis as for urinary urea but after deproteinization with trichloroacetic acid. These values for MUN were similar to those obtained with the infrared technique. Milk DM content was estimated from the measured contents of fat, protein, and lactose and tabular values for mineral content (McDonald et al., 1996) .
Statistical Evaluation
Before statistical analysis, weekly means per individual animal were calculated for every variable. Data were analyzed by ANOVA, applying the GLM procedure of SAS (1996) considering treatment (ration), series, and the interaction of both as effects. For slurry data, buckets instead of animals were considered. Multiple comparison among means was performed by the Tukey procedure. For variables showing a systematically uneven variance between groups due to diet differences, logarithmic transformation of the data was carried out prior to this calculation. The variables shown in the figures were analyzed by ANOVA using the repeated measurement statement of SAS according to Littell et al. (1998) to compare the weekly treatment means throughout the entire experiment. The SAS program was also applied for linear regression analysis. In the tables and figures, mean values and standard error of mean (SEM) or standard errors (SE) are presented.
RESULTS
Daily energy-corrected milk yield remained relatively constant within the 5-wk treatment period (Figure 1) . Also, no significant group differences in milk composition and feed intake were found. In the balance period (wk 3), uncorrected milk yield amounted to 32.7, 30.5, Means within the same row with unequal superscripts are significantly different (P < 0.05).
2 LU = Low-protein unsupplemented, LS = low-protein supplemented, MS = medium-protein supplemented, HS = high-protein supplemented. According to Fickler and Heimbeck (1994) .
5
According to Rulquin et al. (1994) as well as Rulquin and Vérité (1996). 6 According to INRA (1989 Table 3 gives the supply of AA relative to requirements as assumed a priori and the supply over requirements calculated by different approaches on the basis of individual intake and performance data during the collection week. According to the a priori assumptions, which closely matched the actual milk yield and feed intake levels, Met, Lys, and Leu were estimated to be sufficient in all supplemented groups, whereas these AA were calculated to be deficient in LU. By this approach, the supply of Met, Lys, and Leu was assumed to be lower by 33, 5, and 5%, respectively, than in the corresponding supplemented group (LS). The Met deficiency of the LU ration and the sufficient supply of the other rations was confirmed by all further calculation approaches listed in Table 3 . However, neither differences in (metabolizable or digestible) Lys nor in (metabolizable) Leu could be calculated between the two lowprotein groups when the actually measured intake and performance data were applied, and both AA appeared to have been slightly deficient in all groups, whereas This includes water which is evaporized from airways, excreted manure, and skin surface. Comparison among means after logarithmic transformation of the data.
this was not the case for all other indispensable AA. The rations, as consumed, were calculated to supply approximately sufficient amounts of net energy (NE L ) and absorbable protein at the duodenum (calculated from protein originating from ruminally fermentable energy and RUP). The two low-protein rations were, however, calculated to contain insufficient amounts of RDP in conjunction with RUP (Table 3) , possibly limiting absorbable protein supply to a certain degree from the nitrogen side.
Water intake was generally at a high level and diet effects on water consumption in wk 3 were low (Table  4) . Treatments had little effect on water consumption during the 5-wk experimental period (data not shown). Fecal water excretion tended to increase with decreasing dietary CP content (P < 0.1). Water excretion with urine and milk showed a slight decrease in the supplemented low-protein group.
Dietary N intake declined by up to 32% (P < 0.001) with a reduction of dietary CP (Table 4) . This was reflected in a proportionately greater decrease of urinary N (P < 0.001), whereas fecal N excretion was decreased (P < 0.05) only in the groups receiving the low-protein diets. This resulted in an increase of fecal N excretion relative to N intake, and a corresponding decrease in the percentage of urine N (P < 0.001). The lowest (P < Journal of Dairy Science Vol. 83, No. 12, 2000 0.1) urine N excretion was found with the supplemented low-protein ration. Effects on N excretion with milk and calculated N balance were minor. The N balance was probably overestimated to some extent because of inevitable and undetected losses during collection. Utilization of dietary N for milk N increased (P < 0.001) with decreasing feed CP content from 26.7% (HS) to 31.4% (MS), 35.6% (LS), and 34.1% (LU). Decreasing dietary N had a highly significant effect on the distribution of milk and urinary N (P < 0.001). Urinary allantoin was not significantly changed, indicating that rumen microbial protein synthesis was only marginally affected by diet. The extent of variation caused by dietary CP reduction was higher in urinary urea (LS = 14% of HS) than the respective level of variation in total urinary N (LS = 31% of HS). Urinary urea excretion was lowest (P < 0.05) in the supplemented low-protein group. Figure 2 illustrates that daily MUN excretion developed differently with different dietary CP content, with a significant (P < 0.05) differentiation occurring from wk 3 onward. The level of MUN was by far the highest with the 175 g/kg of CP treatment (Table 4) . Table 5 contains results on total feces and urine excretion, characteristics of the excreta and changes due to the treatments found during storage of the produced slurry. Both wet and dry weight of total excreta did not Means within the same row with unequal superscripts are significantly different (P < 0.05).
2 LU = Low-protein unsupplemented, LS = low-protein supplemented, MS = medium-protein supplemented, HS = high-protein supplemented. show any response to the variation in dietary CP, and excreta DM content did not vary either. Excreta obtained from the treatment groups differed in total daily excretion of N, and N content (P < 0.001). Similar relative differences were recorded in the slurries used for the storage measurements. Furthermore, the proportion of N originating from urine declined (P < 0.001) by up to some 50% with decreasing feed CP content. The proportion of N in urine was lowest (P < 0.05) in the LS group. Excreta pH was lower (P < 0.001) when the excreta N content declined.
After 7 wk of storage, slurry still showed differences (P < 0.001) in total N content and ammonia N as a percentage of total N. However, the differences were reduced (Table 5) . Also the group differences in pH were smaller, although still significantly lowest with the low dietary CP treatment. The final slurry N contents were lower than initially in all groups, but the level of reduction was different, which is explained by the differing storage N losses (percentage of initial and g/kg of excreta). Particularly high group differences (P < 0.001) were also found in NH 3 volatilization after 24 h of storage, with a maximum reduction of more than 75% due to reduction from high to low CP content. When expressed as the amount of N volatilized from the daily excreta per cow during 7 wk of slurry storage, the reduction in dietary CP content from 175 to 124 g/kg reduced (P < 0.001) total N loss from almost 90 to 25 g. The quantities of residual N per cow per day still present in slurry after 7 wk of storage were nevertheless lower (P < 0.001) by up to 26% at lower N intake of the cows.
DISCUSSION
The four rations used in the present investigation turned out to be relatively equivalent in terms of animal performance, although certain deficiencies were calculated. When considering the actual performance data, the unsupplemented low-protein ration had, according to Fickler and Heimbeck (1994) , a calculated deficiency of Met but not, as initially intended, of Lys and Leu. Therefore, the effects of supplementation, if any, are considered to have resulted from the different Met supply although certain additional effects of the altered concentrate ingredient composition cannot be totally excluded. It seems that, as far as performance is concerned, cows receiving the unsupplemented low-protein ration either were not in a state of deficient Met supply or were able to compensate for the Met deficiency at least partially by a numerically higher N intake. It remains unclear whether deficiency symptoms might have occurred if the unsupplemented ration was fed for a period longer than the 5 wk followed here. The model approaches used in this study seemed to overestimate requirements for essential AA, and some additional experimental effort is needed to refine the models. In contrast to the performance-related traits, the effects of Met supplementation of the low-protein ration turned out to be pronounced in some traits related to N turnover in animal and excreta. As can be seen from development with time in MUN as one indicator of body N turnover, adaptation in this respect seems to have been complete within 3 wk of treatment. Applying the INRA (1989) approach, both low-protein rations were furthermore calculated to contain too little absorbable protein from N supply, i.e., RDP, because of the applied low figures on rumen-degradability (61 to 62%) as derived from feed tables (RAP, 1999) . However, the ruminal N deficiency was obviously not high enough to affect urinary allantoin excretion, which is closely related to rumen microbial protein synthesis (Rosskopf et al., 1991) .
Effects of Varying Feed CP Content and Met on Water Turnover and Excreta Quantity
The variation of dietary CP content had unexpectedly small effects on water intake and excretion. In contrast, reduced water intake and turnover with decreasing feed protein content was described in other investigations Kreuzer et al., 1985) . In these studies, this seems to have been at least partially due to the decreasing amount of N to be excreted with urine. A certain dilution of urine is required to prevent kidney diseases in N excess situations, but obviously the extent of this dilution varies. In the present case, one reason for the lack of clear effects of the variation in N intake on body water turnover might have been the overall very high level of water intake compared with the reports quoted Kreuzer et al., 1985) in which water consumption was only 70 to 80 kg/d. This is further confirmed by the relatively high urine volume found in our low-protein groups compared to the other studies.
Due to the similar water consumption and ration digestibility, the daily quantity of excreta (wet and dry weight) did not vary significantly. The average amount of excreta (feces and urine) of 68 kg/d per cow was higher than calculated from an extended series of experiments (42 kg/d per cow); however, milk production was lower in those studies . Dry matter content of the wet excreta averaged 81 (SD 19) g/kg, a value within the range often found in farm practice.
Effects of Reducing Dietary CP on N Turnover
The cow's utilization of N and N volatilization from its manure during storage are inversely related. Reducing N content of feed is regarded as one of the most efficient ways to reduce gaseous N emissions (Bussink and Oenema, 1998; Korevaar, 1992) . The present study once more illustrates that decreasing CP intake not only reduces total slurry N, but also the proportion of the easily volatilized urinary N. Urinary urea was reported to be linearly related to NH 3 emissions (Smits et al., 1997) , because it is more rapidly converted into NH 3 than fecal N (Van Horn et al., 1999) . This relationship was clearly confirmed by the present study, as the maximum reduction of urinary N (about 50%) and of urinary urea (more than 85%) was similar to the decline in N volatilization (about 75%). The reduction of gaseous N emission found in the present study was higher than in similar studies reported elsewhere. Release of NH 3 from stored excreta was reduced by 32 and 40% when dietary CP contents were reduced from 18.3 to 15.3% and from 16.4 to 12.3% in cows (Paul et al., 1998) . A relatively small reduction of an already very low level of feed CP (11.0 vs. 9.6%) was found to suppress NH 3 emission from fresh heifer manure by 28% (James et al., 1999) . Smits et al. (1997) , describing new and previous measurements of NH 3 emission in exhaust chimneys of cow houses, found 39 and 21% lower emission when reducing feed CP from 19.8 to 14.5% and from 20.2 to 15.7%, respectively. It can also be assumed that emissions occurring with field application of slurry would be clearly reduced when using low-protein rations due to the reduced ammoniacal N content of the respective slurries.
The generally close relationship between urine N content and N volatilization may be one reason why only a few studies have actually measured N volatilization when cows were fed at different protein levels. Reliable quantitative data are scarce. However, the complexity of this relationship is greater than frequently assumed due to factors other than dietary CP level. Urine volume, in response to dietary protein level, can affect N volatilization. Without an increase in urine volume with increased dietary N, as in the present study, easily volatilized N is proportional to the absolute variation in N excretion. If urine volume is increased with feeding of more protein Kreuzer et al., 1985) ; however, the effects on relative N loss during slurry storage may be smaller, as shown previously with pig slurry (Kreuzer et al., 1998) . Also, interaction with other effective techniques, such as slurry treatment (Bussink and Oenema, 1998; Monteny and Erisman, 1998) may reduce or enhance the effects of dietary CP reduction on N emission.
The effect of reducing dietary N on N volatilization might be sufficiently high for farmers to accept clearly elevated feed costs, provided the demands to reduce N emissions are high enough, as is the case in the Netherlands (Berentsen et al., 1992) . However, it has to be kept in mind that any N prevented from being emitted during storage and application of slurry is still present in the slurry when spread on land, and thus subject to possible later loss through leaching or denitrification. Accordingly, if reduced N volatilization is not accompanied by a whole-system decrease in N flux (feed N), this residual N is higher than in a situation with higher emission rates (Kreuzer et al., 1998) . However, reduction of dietary protein as a strategy could always result in some reduction in N less to the environment. Thus the amount of residual N in slurry per cow per day after storage, which would be finally distributed to the fields, was found to be lower when a diet with lower CP content was fed.
Due to the lower total N content, particularly because of the lower content of easily available urinary N, the fertilizer value of the slurry could be reduced as well. Accordingly, certain effects of feed protein content (153 vs. 123 g/kg of CP) on plant N utilization from dairy excreta were reported by Paul et al. (1998) . However, as was shown with low-protein rations in pigs (Gerdemann et al., 1999) , the impact of dietary protein on the efficiency of N utilization by plants grown with these slurries was quite limited, even when application was done with fresh slurry. After storage, differences in the proportion of ammonia N and total N are even smaller than directly after excretion, due to previous emission of a great part of the easily volatilized NH 3 .
Additional Effects of Rumen-Protected Met in Low-Protein Rations
Reduced CP in dairy feeds is limited by the requirements of minimum amounts of essential AA reaching the small intestine. The use of slowly or undegradable (protected) proteins in low-protein rations is only of limited help, since then the N requirements of the rumen microbes may no longer be covered. This might have been the case in the present study. The most promising way to reduce dietary CP content as far as possible is to provide an exact allocation of those indispensable AA that limit milk protein synthesis . In the present experiment, this appears to have been primarily Met, which was provided in one of the lowprotein rations in a rumen-protected form. Data on this approach with a focus on N excretion are scarce. Even Dinn et al. (1998) , in suggesting this procedure, did not use an unsupplemented low-protein control group. In the present study, the use of additional Met applied at a low level of dietary CP compared to the respective unsupplemented group reduced the urinary excretion of total N (P < 0.1) and urea, as well as urinary N as a proportion of total excreta N, by 24, 44, and 17%, respectively. Also, since total N excretion in feces and urine was lower by 5%, it may be assumed that in the low-protein supplemented group N volatilization was lower than in the corresponding unsupplemented group by at least 10 to 15%. However, this cannot be totally attributed to the additional Met since N utilization by the cows was only slightly increased. Also, N intake was somewhat lower with supplementation than without, but presumably not because of the additional Met. Therefore, the quantitative effect of Met supplementation will depend on its actual effect on N utilization by the cow, i.e., the level of deficiency.
Estimation of Urinary N Excretion from MUN
Because urinary N has a high emission potential, it seems desirable to be able to estimate urine N excretion by an available indicator without being forced to perform N balance trials. For this purpose, the routinely analyzed MUN was suggested by Vérité et al. (1995) and Jonker et al. (1998) . Both used MUN concentration, partly combined with performance data, for their analyses. The variable MUN excretion as applied in our calculation (Figure 3 ) combines these traits and is expressed like urinary N excretion on a daily basis. The data described a wide variation in dietary CP and urinary N excretion, and all urea and urine related traits were significantly affected by the dietary alterations. The regression was highly significant (R 2 = 0.82), as is also true for the other studies (Jonker et al., 1998; Vérité et al., 1995) . In a more extended evaluation involving data from a total of five experiments (279 data sets), we were able to confirm the relationship between the two variables. However, an unexpectedly high residual variation still remained. It may be hypothesized that there could be a difference between individual cows in the proportion of blood urea distributed to urine and milk, particularly as MUN excretion seems to be the result of an inevitable diffusion into the mammary gland cells. Further investigations, such as those carried out by Broderick and Clayton (1997) , are needed to explain additional factors affecting MUN excretion in cows.
CONCLUSIONS
The present study provided data on the potential to decrease N excretion, particularly via urine, by reducing dietary CP content. The associated decline in gaseous N loss during slurry storage was also measured. Furthermore, the favorable effect of supplementing the limiting AA, which in the present case was Met, in lowprotein rations was demonstrated. Without this supplementation, part of the positive effect is lost and then a ration slightly higher in CP might be even more efficient in terms of high N utilization and low storage N loss. It remains a matter of economic calculations which solution will be preferred. The MUN seems to be a valuable tool to give estimates on the excretion of easily volatile N and the associated potential N emissions.
